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ABSTRACT 

We present new B, V and I CCD time-series photometry for 177 variable stars in 
a 13' X 13' field centered on the globular cluster M54 (lying at the center of the 
Sagittarius dwarf spheroidal galaxy), 94 of which are newly identified variables. The 
total sample is composed of 2 anomalous Cepheids, 144 RR Lyrae stars (108 RRO and 
36 RRl), 3 SX Phoenicis, 7 eclipsing binaries (5 W UMA and 2 Algol binaries), 3 
variables of uncertain classification and 18 long-period variables. The large majority 
of the RR Lyrae variables likely belong to M54. Ephemerides are provided for all 
the observed short-period variables. The pulsational properties of the M54 RR Lyrae 
variables are close to those of Oosterhoff I clusters, but a significant number of long- 
period ab type RR Lyrae are present. We use the observed properties of the RR Lyrae 
to estimate the reddening and the distance modulus of M54, E(B-V)=0.16 ± 0.02 
and (m-M)o=17.13 ± 0.11, respectively, in excellent agreement with the most recent 
estimates. The metallicity has been estimated for a subset of 47 RR Lyrae stars, 
with especially good quality light curves, from the Fourier parameters of the V light 
curve. The derived metallicity distribution has a symmetric bell shape, with a mean 
of {[Fe/H]) — —1.65 and a standard deviation a = 0.16 dex. Seven stars have been 
identified as likely belonging to the Sagittarius galaxy, based on their too high or too 
low metallicity. This evidence, if confirmed, might suggest that old stars in this galaxy 
span a wide range of metallicities. 

Key words: methods: observational - techniques: photometric - stars: distances - 
stars: variables: RR Lyrae - globular clusters: M54 



1 INTRODUCTION 

The globular cluster M54 (NGC6715) is a special object 
under several aspects. In fact, it is quite massive (~ 2 x 
10^ -^01 Pryor & Meylan 1993), it displays a complex Hori- 
zontal Branch (HB) morphology (extending up to the high- 
est temperatures achievable by these stars; Rosenberg et al. 
2004) and its stars present an intrinsic spread in Iron abun- 
dances (Carretta et al. 2010, CIO hereafter; see Bellazzini 
et al. 2008, hereafter BOS, for previous studies and refer- 
ences). Moreover, it resides at the center of the Sagittarius 
dwarf spheroidal galaxy (Sgr dSph; Ibata, Gilmore & Ir- 
win 1994), a satellite of the Milky Way that is currently 
disrupting under the tidal strain of the Galaxy (see, for ex- 
ample, Majewski et al. 2003). Several authors suggested the 
possibility that M54 could be the nucleus of Sgr (Bassino 
& Muzzio 1995; Sarajedini & Layden 1995). Later studies 



* Based on observations taken at the ESO-Danish 1.54-m tele- 
scope in La Silla, Chile 



(Layden & Sarajedini 2000; Majewski et al. 2003; Monaco et 
al. 2005a), however, demonstrated that the metal-poor clus- 
ter ([Fe/H]~ -1.55; Brown, Wallerstein & Gonzalez 1999, 
CIO) co-exists with a stellar nucleus made of metal rich 
stars of the Sgr galaxy {{[Fe/H]} ~ -0.45; BOS and ref- 
erences therein). A recent study based on accurate velocity 
and metallicity data (BOS) strongly supports the idea that 
M54 formed independently, and plunged into the Sgr nu- 
cleus as a result of significant decay of its original orbit due 
to dynamical friction (Monaco et al. 2005b; see also CIO for 
independent support to this hypothesis). 

In this context, RR Lyrae (RRL) variables can pro- 
vide further insight into the nature of this stellar system, 
in addition to reliable estimates of the distance and fore- 
ground extinction. The first (photographic) survey for vari- 
able stars in M54 was performed by Rosino & Nobili (1959) 
who identified 82 variables. Their pioneering analysis was 
followed up and expanded by Layden & Sarajedini (2000; 
LS2000 hereafter), who considered the variables as part of 
their V,I CCD photometric study aimed at obtaining the 
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colour-magnitude diagram (CMD) of M54 + Sgr field to 
derive the star formation history of the Sgr dSph galaxy. 
In that work LS2000 found 117 variable stars, 93 of which 
are candidate RRL stars. They analysed the best observed 
subset of RRL (67 stars) to obtain a distance modulus of 
(m - M)o = 17.19 ± 0.12 and E(V-I)=0.18 ± 0.02. On the 
basis of the pulsational properties of their sample of RRL, 
these authors classified M54 as an Oosterhoff type I cluster 
(Oosterhoff 1939; see Catelan 2009 for a recent review). 

In this paper we present new BVI photometric data 
and discuss in detail the characteristics of the RRL stars of 
M54, that were presented in preliminary form by Cacciari, 
Bellazzini & Colucci (2002). In Sect. 2 we describe our data, 
the observations, the data reduction, the calibration proce- 
dure and the period search procedure. In Sect. 3 we present 
and briefly discuss the characteristics of the CMD resulting 
from our photometric data and present our sample of de- 
tected variables. In Sect. 4 we analyze the RRL pulsational 
properties and use them to estimate their membership to the 
M54 or Sgr stellar population. Sect. 5 presents the results of 
the Fourier analysis of the RRL light curves and metallicity 
estimates. The reddening and distance are derived in Sect. 
6, and the properties of the other variables of our sample 
are briefiy presented and discussed in Sect. 7. We summa- 
rize and discuss our results in Sect. 8. In Appendix A we 
comment on individual variables. 



2 THE DATA 

2.1 Observations 

The BVI photometric data presented in this paper were ob- 
tained on 13, 14 and 19 July 1999 at the ESO-Danish 1.54- 
m telescope in La Silla (Chile) using the 2kx2k CCD of the 
Danish Faint Object Spectrograph and Camera (DFOSC). 
The images cover a ~ 13' x 13' field of view roughly centered 
on M54, with a scale of 0.39 "/pixel. The BVI images were 
taken sequentially with exposure times of 360-900 sec in B, 
150-600 sec in V, and 150-450 sec in I, depending on the at- 
mospheric conditions. The average seeing during the three 
nights ranged between 1.9" and 2.5" (FWHM). In total, it 
was possible to obtain 54 B, 57 V and 52 I images. 

2.2 Data reduction 

The frames were overscan corrected, bias subtracted and flat 
fielded (using twilight sky flats) by means of the standard 
IRAfQ tasks. 

The data reduction was performed using the ISIS pack- 
age (Alard 2000), which is based on the method of image 
subtraction. ISIS is able to transform a series of images of 
the same field to (a) the same astrometric system, (b) the 
same fiux scale, and (c) the same Point Spread Function 
(PSFfl without flux losses. Once all the above transforma- 

^ IRAF is distributed by NOAO, which are operated by the Asso- 
ciation of Universities for Research in Astronomy Inc., under co- 
operative agreement with the National Science Foundation (NSF) 
^ In this task one of the original images is taken as astrometric 
reference. Usually the image with the best seeing and the lowest 
background level is selected for this purpose (see Alard 2000). 



tions have been performed, the data reduction proceeds as 
follows: 

(i) A high signal-to-noise reference frame (per filter) is 
constructed, by stacking a suitable number of images; in the 
present case the reference frames were built by stacking 14 
B, 15 V and 14 I frames. 

(ii) Each individual image is subtracted from the refer- 
ence frame; the squares of the images of the residuals are 
co-added into a single image where there are only the vari- 
able sources. 

(iii) Variable stars are identified on the stacked images of 
the residuals and their positions are recorded. 

(iv) The residual fiux is measured on each single sub- 
tracted image at the position of the detected variables, using 
a PSF fitting routine. A light curve in units of flux difference 
is obtained for each variable. 

(v) Photometry of the reference frames is obtained inde- 
pendently (in our case using DoPHOT; Schechter, Mateo 
& Saha 1993) to provide the flux zero point to the light 
curves (and convert into a scale of magnitudes) . In our case 
we transformed the instrumental magnitudes obtained with 
DoPHOT into absolute Johnson- Cousins magnitudes using 
several hundreds of stars in common with the photometry 
by LS2000 (for V and I) and by Rosenberg, Recio-Blanco & 
Garcia-Marin (2004) for B magnitudes. 

The image-subtraction technique has proven very pow- 
erful in detecting even low amplitude variables in crowded 
fieldfjfl, ensuring a higher accuracy in relative photometry 
with respect to traditional techniques (see e.g. Olech et al. 
1999; Mochejska et al. 2004; Corwin et al. 2006; Greco et 
al. 2009; we refer to these papers also for further details 
on the technique). As an example, in Fig. [T] we show for 
comparison the V light curves of 3 RRL variables in M54 
that were measured by LS2000 with traditional techniques 
(DoPHOT) and by us with ISIS: the higher quality of the 
new light curves is readily evident. 

There are two additional features of the specific appli- 
cation of the method performed in the present case that 
deserve to be described: 

• The images of a few bright foreground stars were sat- 
urated in our frames. In the process of image subtraction 
these sources left spurious residuals due to different degree 
of saturation in the different frames, blooming etc. This in 
turn led to the identification of large numbers of spurious 
variable sources in the surroundings of these saturated stars. 
To remove contaminants from the list of variables before ob- 
taining their light curves, we masked the surroundings of 
heavily saturated stars. The dimension of the masked areas 
was decided case by case, by inspecting the stacked image 
of the residuals. 

• DoPHOT automatically masks the regions surrounding 
(even moderately) saturated starfl and/or sources for which 

^ With this technique variables can be detected even in un- 
resolved portions of stellar fields images, as the unresolved bulk 
of constant stars is subtracted out, leaving only the isolated vari- 
ables on the subtracted images. 

* The level of saturation at which masking is invoked depends 
also on the user choices. We adopted a conservative approach 
here, to keep only well measured stars in our DoPHOT catalog. 
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Figure 1. Comparison between the light curves obtained in this Figure 2. V-(B-V) (left panel) and V-(V-I) (right panel) CMDs 

wprk (ISIS reduction package) and by LS2000 (DoPHOT) for of M54 and Sgr, based on the present data, 

three common stars of M54. 



the PSF fit does not reach convergency. For this reason there 
are variable stars for which we obtain a good differential flux 
light curve from ISIS but are not measured by DoPHOT on 
the reference image. Hence they lack a zero-point and their 
light curves cannot be transformed into a magnitude scale. 
For these stars we cannot measure an absolute amplitude, 
but we can obtain reliable periods and classify them on the 
basis of their periods, the shape of the light curve and the 
similarity of the differential flux amplitudes with calibrated 
variables. 



2.3 Light curve analysis 

For the period search, we used the Graphical Analyzer of 
Time Series (GrATiS) program (see Clementini et al. 2000 
for details), which was run on the ISIS differential flux data. 
This code (developed by P. Montegriffo at the Osservatorio 
Astronomico di Bologna) employes two different algorithms: 
(1) a Lomb periodogram (Lomb 1976) and (2) a best flt of 
the data with a truncated Fourier series (Earning 1963). 
The adopted period search procedure performs the Lomb 
analysis on a wide period interval. The Fourier algorithm 
reflnes the period deflnition and flnd the best-fitting model. 
The r.m.s. of the observed points about the best fit model is 
taken as the error associated to the mean magnitudes. This 
value is reported along with the photometric data for each 
variable in Table fl 



^ Table 1 is available in its entirety in the electronic edition 



2.4 Astrometry 

The x,y coordinates in pixels have been transformed into 
J2000 Equatorial coordinates with a second order poly- 
nomial fitted to ~ 2000 stars in common with 2MASS 
(Skrutskie et al 2006), that were used as astrometric stan- 
dards. The residuals of the adopted astrometric solution 
were < 0.14" r.m.s. in both RA and Dec. 



3 PHOTOMETRIC RESULTS 

3.1 Colour Magnitude Diagram 

In Fig. [2] the V-(B-V) and V-(V-I) CMDs obtained with 
DoPHOT from the reference BVI images are shown. The 
CMD reaches a limiting magnitude of 1/ ~ 23 sampling the 
population of M54 and Sgr down to ~ 2 magnitudes be- 
low the cluster main sequence turn-off. The vertical plume 
of stars at B — V{V — I) }^ 0.6(0.8) is composed by fore- 
ground/background Galactic main sequence stars at various 
distances along the line of sight. The steep and narrow Red 
Giant Branch (RGB) of M54 is clearly visible, bending from 
B-V{V-I) ~ 0.8(1.0) at y ~ 20 to B-V(y-I) ~ 1.6(1.8) 
at V ~ 15. The wider (and sparser) RGB of Sgr runs nearly 
parallel to the red of the M54 one. A well-defined blue HB 
(mostly associated to M54; see Monaco et al. 2004) and a 
well populated Red Clump (associated to Sgr) are also vis- 
ible at V~18.2. A detailed discussion of the CMD is out of 
the scope of the present paper; we address the interested 
reader to papers more focused on the interpretation of the 
CMD (Sarajedini & Layden 1995; Monaco et al., 2003, 2004, 
and references therein). For a detailed analysis of the stel- 
lar content in the innermost region of the cluster, see the 
exquisite CMD obtained by Siegel et al. (2007) from Hubble 
Space Telescope data. For the purposes of the present anal- 
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ysis, it is important to recall that within the limiting radius 
of M54 (rt = 6.3'; see Ibata et al. 2009), the surface den- 
sity of the cluster is nearly everywhere a factor of 7-8 larger 
than the Sgr metal- rich nucleus (BOS). Moreover, the popu- 
lation of the Sgr nucleus is dominated by intermediate-age 
stars that are unlikely to evolve into RRL (Siegel et al. 2007 
and references therein) producing a fraction of RRL which 
should be much lower than in M54 (Monaco et al. 2004). 
This is in agreement with Cseresnjes (2001), who estimated 
a density of 139 RRO per square degree in the central region 
of Sgr, leading to about 6.5 RRO in our 13 arcmin square 
field of view. Therefore, we conclude that the sample of RR 
Lyrae assembled in the present study must be dominated by 
members of M54. 



3.2 The Variables 

Our photometric search allowed us to identify 177 variable 
stars (94 new discoveries), significantly increasing the num- 
ber (117) of variables identified by the previous studies of 
Rosino & Nobih (1959) and LS2000. The identification and 
photometric information are given in Table 1. In Fig. |3] the 
variables detected in this study are identified in the V-(B-V) 
CMD. 

Among the 89 stars studied by LS2000: 2 (V23 and 
V91) were not identified in the present study because they 
lie out of our FoV; 4 (V25, V108, Vlll and V112) were not 
identified because they were masked out during the variable 
detection phase (see Sect.[22J; 4 (V86, V89, V90 and V95) 
were identified as variables but no light curve could be de- 
rived and one (VlOO) was found to be non variable. Of the 
variables reported in the former study of Rosino & Nobili 
(1959) 5 of them (V21, V26, V73, V79 and V81) were not 
identified, neither by us nor by LS2000, because no stars 
were detected at the locations indicated by Rosino & No- 
bih (1959) and 5 (V20, V22, V27, V53 and V72) were found 
to be non variable (as also found by LS2000). These stars 
are not listed in Table 1. Finally, 18 stars were identified 
and analysed using only internally calibrated photometry; 
they do appear in Table 1 but no photometric information 
is provided. The agreement between the light curves and the 
estimated periods between us and LS2000 is very good, in 
general. A few discordant cases are discussed in Appendix 
A. 

For the 61 variable stars of the LS2000 sample for which 
we have calibrated photometry, we obtained light curves and 
derived the ephemerides using LS2000 photometric data in 
combination with ours to obtain a longer time baseline and 
more accurate results. 

For the 94 newly identified variables (V118-V211) we 
derived the classification and the periods. We found: 51 RRO, 
29 RRl, 3 SX Phoenicis, 3 W Uma (EW), one Algol binary 
(EA), 4 long period (LP) candidates (with no period deter- 
mination) and 3 with uncertain classification (V145, V147 
and V211) of which two (V147 and V211) might be eclips- 
ing binaries (EE) . From the present calibrated data we find 
no evidence of double-mode pulsation in any of the studied 
stars. For 58 of these stars, mostly located in the central 
region of M54, the photometry could not be externally cal- 
ibrated for the reasons described in Sect. 12.21 

The light curves of a sample of newly discovered RRL 




o o 



Figure 3. Expanded V-(B-V) CMD of M54. The detected vari- 
ables are shown as: open circles (RR Lyrae stars), filled squares 
(Cepheids), asterisks (eclipsing binaries), filled triangles (SX 
Phoenicis) and open stars (uncertain classification). 

and other variables are shown in Fig.sl4land [5p| The epoch 
photometry for all the variables with calibrated photometry 
is available in its entirety at the CD^. 

In the following we will focus the analysis only on RR 
Lyrae stars; variables of other types will be briefly discussed 
in Sect. [3 



° The complete sample of light curves is available in the electronic 
edition. 

^ http:/ / vizier.u-strasbg.fr/cgi-bin/VizieR 
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Figure 4. Light curves of a sample of newly discovered RR Lyrae variables of M54. Blue (lower), black (middle) and red (upper) data 
points indicate B,V and I magnitudes, respectively. The best fit models obtained with GrATIS are overplotted. 
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Figure 5. Same as Fig.|4]for other types of variables of M54. 



Table 1. The RR Lyrac variable stars in the M54 field of view; a sample of the online catalog (the full catalog is available in the electronic version). Columns are: (1) 
Identification (ID) from Clement et al. (2001) and LS2000 up to V117, and from this paper for V118 to V221; (2) variable types: 0=Cepheid; 1=RR0; 2=RR1; 3=SX Phe; 
4=LP; 5=EW; 6=EA; 7=Uncertain (3-4) RA and Dec coordinates. The epoch of the astromctric reference is J2000; (5) Pulsation period (6) Epoch of maximum light; (7-9) ^ 
mean BVI magnitudes calculated as intensity averages over the pulsation cycle converted back to magnitudes; (10) r.m.s. of the observed V light curve points about the ~ 
best fit model; (11-13) BVI amplitudes; (14-15) B-V and V-I colors at minimum light (phase interval 0.5-0.8); (16-17) mean < B — V > and < V — I > colors calculated as S 
averages over one pulsation cycle of the best fit models; (18) Notes: Bl = possible Blazhko variability; b = possible blend; Cal = calibration problem; F = possible Galactic a 
field iiioiiilier: Syr = T)OSsi})lo Sj^r momljor: Ea' = T)OSsiblo o\T)h'ecl. 

a 

ID Ty RA (J2000) Dec (J2000) Period Epoch BVI rmsV Ab Ay Aj (B-V)^i„ (V-I)^i„ <B-V> <V-I> Note ^ 
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0.74 
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1 


283.7473555 


-30.5219780 


0.5034071 


3.83630 


18.68 


18.16 


17.61 


0.03 


1.38 


1.14 


0.70 


0.527 


0.767 


0.524 


0.604 




35 


1 


283.7377861 


-30.4650676 


0.5267239 


9.78589 


18.66 


18.20 


17.59 


0.03 


1.41 


1.09 


0.74 


0.587 


0.734 


0.500 


0.639 




36 


1 


283.8053328 


-30.4637899 


0.5990345 


9.66790 


18.70 


18.16 


17.47 


0.02 


0.80 


0.60 


0.41 


0.619 


0.757 


0.551 


0.701 




37 


1 


283.7784287 


-30.4907654 


0.6274528 


3.77083 


18.74 


18.21 


17.49 


0.01 


0.62 


0.48 


0.23 


0.566 


0.794 


0.529 


0.727 
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1 


283.7424905 


-30.4697269 


0.6111295 


9.64313 


18.58 


18.04 


17.30 


0.02 


0.60 


0.43 


0.28 


0.565 


0.788 


0.542 


0.743 
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283.7323257 


-30.4975579 


0.5995711 


3.77083 




18.19 


17.53 


0.02 




0.76 


0.48 




0.755 




0.680 
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283.7483469 


-30.5102175 


0.5863672 


2.66921 


18.74 




17.51 




0.90 




0.50 
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0.61 
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0.870 
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Figure 6. Colour-magnitude distribution of RR Lyrae stars in 
the V-(B-V) plane (bottom-left panel). RRO and RRl variables 
are marked with filled and open grey circles, respectively. Stars 
rejected from the M54 sample (see Sect. I4.1| l are marked with 
black crosses. The two dashed lines indicate the edges of the in- 
stability strip (from Bono et al. 1995). The < B — V > colour 
and < V > magnitude distributions are shown in the upper-left 
and bottom-right panels, respectively. 

4 PROPERTIES OF THE RR LYRAE STARS 

The sample of variables detected in our survey is mainly 
constituted by RRL stars, as expected from an old metal- 
poor globular cluster (GC). In this section we discuss the 
mebership of the various RRL, attempting to define a sample 
of M54 RRL as clean as possible from interlopers and/or 
stars with uncertain or possibly problematic data. Then, 
we will use the cleaned sample to analyze the pulsational 
properties of the cluster RRL. 

4.1 The distribution in colour and magnitude 

We show in Fig. [6] the distribution in magnitude and colour 
of the RRL stars for which we obtained calibrated photome- 
try. The magnitude histogram in the lower-right panel shows 
that the distribution is dominated by a strong and rela- 
tively narrow peak around V ~ 18.2, clearly associated to 
the cluster population. The bulk of this population is well 
bracketed between the edges of the instability strip predicted 
by theoretical models (Bono, Caputo & Marconi 1995) for 
a 0.65 Mq RRL star with Z=0.0004, overplotted to the 
CMD of Fig. [1 Here we assume (m - M)o = 17.13 and 
E{B — V^) = 0.16, according to the results of Sect. 16.11 be- 
low. 

There are several stars that lie outside the M54 peak, 
both in magnitude and colour. There are 11 variables (9 
RRO and 2 RRl) having {V) < 17.9, clearly brighter than 
the bulk of the RRL population, i.e., in order of increas- 
ing magnitude, V119, V12, V128, V132, V93, V142, V65, 



Figure 7. The cumulative radial distribution of the RRL of M54 
(solid line) compared with those of the BHB (dotted line) and 
red clump (dashed line) stars. The BHB and red clump stars are 
highlighted in the CMD (upper panel), for convenience. 



V121, V75, V92, and V69. Assuming Mv{RR) = 0.6 and 
E{B — V) = 0.16 we can obtain rough estimates of the dis- 
tances of these stars. V119 has 7? ~ 9 kpc, thus may be 
possibly located in the Galactic Bulge. The others range be- 
tween D ~ 13 kpc and D ~ 23 kpc; while some of these are 
likely interlopers from the Galactic thick disc and/or halo, 
the faintest ones are more likely members of M54 (or Sgr 
dSph) that appear over-luminous because of blending with 
other sources and/or some unidentified problem in the pho- 
tometry; in fact four of them (V92, V128, V132 and V142) 
lie in the most crowded region of our images, within 1' from 
the cluster center. 

V55 (the faintest of the outliers, D ~ 33 kpc) is likely 
a genuine Galactic star in the background. Finally there 
are five stars that have at least one colour clearly outside 
the RRL window (V75, V123, V124, V133, V143; only V75 
appears anomalous in both colours): this is likely due to a 
problem in the DoPHOT photometry of the reference frame 
in one of the three bands. V123, that appears rather normal 
from Fig. [6] has a very red V-L 

To keep our final sample of M54 RRL as clean and safe 
as possible, all the stars discussed above have been excluded 
from the analysis of the pulsational properties, in the fol- 
lowing. The RRL of this clean sample (55 RRO and 9 RRl) 
have 17.9 < V < 18.4 mag and 0.3 < B ~ V < 0.7. In 
Fig. [7] the cumulative radial distribution of the RRL in the 
clean sample is compared with those of the Blue HB stars 
(BHB; expected to be dominated by M54 population) and 
red clump stars. As expected, both the RRL and the BHB 
stars are significantly more concentrated than the red-clump 
stars. This indicates that the contamination by Galactic 
and/or Sgr variables should be minimal (see also Monaco 
et al. 2003). 



8 Sollima et al. 




Figure 8. Colour-magnitude distribution of the HB area in the 
V-(B-V) plane. RR Lyrae stars are shown as open circles. The 
ZAHB model (solid line) for metallicity Z = 0.0006 and helium 
abundance Y = 0.23, and the evolutionary tracks (dashed lines) 
for the two stellar masses M=0.65 and 0.70 Mq (from Cariulo ct 
al. 2004) are overplotted. 



In Fig. [S] the Zero Age Horizontal Branch (ZAHB) 
model (from Cariulo, Degl'Innocenti & Castellani 2004) for 
a population with metallicity Z = 0.0006 and helium abun- 
dance Y = 0.23 is overplotted to the V - {B - V) CMD 
of M54. Two evolutionary tracks corresponding to mass val- 
ues of M = 0.65 Mq and M = 0.70 Mq are overplotted. 
Absolute magnitudes have been converted to apparent ones 
adopting the reddening and distance modulus derived in 
Sect. [6l and [6TT] The ZAHB model fits quite well the lower 
envelope of the RRL distribution. Three stars are about 0.2 
mag fainter than the average, namely V4, V118 and V130. 
The variable V4 is affected by the Blazhko effect and we 
have likely missed the maximum, as suggested by the un- 
usually low V amplitude (0.71 mag) for its period (0.48 d). 
The other two stars have normal well defined hght curves, 
and no metallicity estimates are available to check the origin 
of their unusual magnitude. 



4.2 Pulsational properties 

If we consider the entire sample of RRL, including also those 
for which only internal calibrated photometry could be ob- 
tained (but excluding those flagged as non-member or prob- 
lematic in the previous section), then we have 95 RRO stars 
with < Pob > = 0.584d and 33 RRl stars with < Pc > = 
0.351d. For comparison, the average values for Oosterhoff I 
type clusters are < Pah > ~ 0.559d and < Pc > = 0.326d, 
while for Oosterhoff II type clusters they are < Pab > = 
0.659d and < Pc > = 0.368d (Smith 1995). The fraction 
of RRl over the entire sample of RRL is 0.26, which is 
slightly higher than the typical fraction detected in Oost- 



erhoff I clusters (0.22) and significantly smaller than the 
typical value (0.48) in Oosterhoff II clusters (Clement et al. 
2001). This indicates that the entire sample of RRL stars 
detected in the M54 region has intermediate characteristics 
between the classical Oosterhoff types I and II, being much 
closer to Oosterhoff I. If we consider only the subset of stars 
that are most likely M54 members according to luminosity 
and metallicity criteria, as we discuss in Sect. [5] we find 
< Pab> = 0.600 d from 49 RRO stars and < Pc > = 0.347 
d from 7 RRl stars 

In the middle panel of Fig. [9] the period-V amplitude 
diagram for the sample of RRL is shown. The mean loci 
of the unevolved RRO and RRl variables in the GGCs M3 
(Oosterhoff I) and M92 (Oosterhoff II) are overplotted (from 
Cacciari, Corwin & Carney 2005). Taken at face value, the 
majority of the RRO fall around the ridge line of M3 slightly 
on the side of smaller amplitudes or shorter periods. Some of 
these stars could well be unrecognised Blazhko variables ob- 
served during the low amplitude phase of the Blazhko mod- 
ulation. Indeed, Blazhko effect has been clearly detected for 
9 RRLs of our sample. According to previous studies (Smith 
1995; Corwin & Carney 2001; Cacciari et al. 2005) as much 
as 30% of the total RRL population in several clusters is af- 
fected by Blazhko modulation. If the M54 population shares 
the same behaviour, then at least twice as many Blazhko 
RRL variables, whose anomaly could not be detected be- 
cause of the short time coverage of our observations, are 
expected to exist in the studied sample . Within these uncer- 
tainties, the M54 data appear to be in good agreement with 
the mean relations derived for M3, albeit with a somewhat 
larger scatter (that may be due to the intrinsic metallicity 
spread of the cluster, see CIO). In the bottom panel of Fig. 
[§] the period distribution of the RRL of M54 is compared 
with that of M3. 

The apparent contadiction between the location in the 
P-Av diagram (slightly on the side of shorter periods) and 
the (longer) mean period of the M54 RRab stars with respect 
to M3 is an optical effect of the different amplitude distribu- 
tions: while 44% of M3 RRab have amplitudes Ay > 1 mag, 
this fraction is only 11% in M54. At least part of this differ- 
ence might be due to the presence of a significant fraction 
of unrecognised Blazhko variables. As for the period distri- 
butions, which are not affected by the Blazhko stars, it is 
evident that the M54 and M3 RRL period distributions are 
different: the M3 distribution is skewed towards the short 
period end whereas in M54 it is wider and more symmetri- 
cal (bottom panel of Fig. 9). This accounts for a longer mean 
RRab period in M54 (~0.60d) than in M3 (~0.56d). 

One can also note a group of 8 stars with longer periods 
that seem to stand out from the main distribution . These 
stars are V41, V48, V76, V83, V120, V125, V137 and V140. 
This location in the period-amplitude diagram can be due to 
evolution off the ZAHB or to lower metallicity. In both cases 
the star is expected to be somewhat overluminous. Two of 
them (V125 and V137) are indeed brighter than the average 
by more than 0.1 mag and might be evolved, for the other 
6 stars the luminosity is quite normal. The metallicity was 
estimated for 4 of these stars (V41, V48, V76 and V83) and 
falls within about 0.2 dex of the mean value except for V83 
that is very metal-poor (see Sect.O. 

In conclusion M54 RRL show Oosterhoff I characteris- 
tics as far as the population ratio of fundamental/first over- 
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Figure 9. Upper panel: Period - < V > distribution, cleaned of 
field contaminants, possible blends and photometric errors. Fun- 
damental (RRO) and first overtone (RRl) pulsators are marked 
with filled and open circles, respectively. Blazhko stars are indi- 
cated as asterisks. The limiting magnitude of our selection cri- 
terion are marked with dashed lines. Middle panel: Period - V 
amplitude diagram for the RRL of M54. The symbols are the 
same as the upper panel. The mean loci of the unevolved RRL 
in M3 (solid line) and M92 (dashed line) are overplotted (from 
Cacciari et al. 2005). Lower panel: Period distributions for the 
RRL of M54 (grey histogram) and M3 (open histogram). 

tone pulsators is concerned, while display average periods 
quite intermediate between the two types, mainly due to 
the presence of a significant number of long period RRL. 



5 METALLICITY ESTIMATES FROM 
FOURIER ANALYSIS 

It was shown that appropriate combinations of terms of a 
Fourier representation of RRL light curves, along with the 
periods, correlate with intrinsic parameters of the stars, such 
as metallicity, mass, luminosity and colours (Simon 1988; 
Clement, Jankulak & Simon 1992; Jurcsik & Kovacs 1996; 
Kovacs & Walker 2001; Morgan, Wahl & Wieckhorst 2007). 
Sandage (2004) interpreted the metallicity dependence of 



Table 2. Fourier parameter 03i (cosine series) and [Fe/H] for the 
RRl variable stars. In column 5 the Notes indicate: * = excluded 
for its high/low magnitude (see Sect l4.ll l: ** = excluded from the 
analysis for its high/low metallicity (see Sect. [5T2ll . 



ID Period (/.31 lFe/H]zw Note 

(d) 



V12 


0.3226390 


4.277 


-1.01 


* 


V42 


0.3264349 


3.140 


-1.73 




V49 


0.3312773 


3.867 


-1.40 




V56 


0.3676695 


3.741 


-1.81 




V74 


0.2889211 


4.267 


-0.49 


** 


V78 


0.4019678 


4.473 


-1.72 




V97 


0.3367274 


3.653 


-1.58 




V126 


0.3516532 


3.810 


-1.65 




V133 


0.3648148 


3.782 


-1.77 




V138 


0.3116047 


3.059 


-1.62 




V141 


0.3339446 


4.327 


-1.13 




V142 


0.2978301 


2.333 


-1.79 




V148 


0.2670186 


4.149 


-0.19 





the Fourier components of RRL light curves as equivalent 
to the OosterhofT-Arp-Preston period-metallicity effect. This 
can be found in both fundamental and first overtone pul- 
sators, that we consider here separately. 

However, in several cases (Jurcsik & Kovacs 1996; Pritzl 
et al. 2001; Nemec 2004; Cacciari et al 2005; Stetson, Cate- 
lan & Smith 2005) the coefficients as well as the range of 
validity of such relations have been discussed, often leading 
to different and conflicting results. Therefore, [Fe/H] esti- 
mates derived from the Fourier parameter (^31 should be 
used with caution, especially in the high metallicity regime. 
In the following we use these metallicites mainly to clean 
the sample of M54 RRL stars from possible members of Sgr, 
that would lie at the same distance but may stand out as 
significant outliers in the metallicity distribution. 

To this purpose, we have decomposed the V light curves 
of all RRL variables of our sample in Fourier series of cosines. 

5.1 RRl 

The use of Fourier coefficients to characterise RRl variables 
has been less extensive than that of the RRO stars. The most 
recent critical analysis of this method has been presented by 
Morgan et al. (2007) . We refer to this work for an extended 
discussion and references. According to these authors the 
metallicity of the RRl stars can be estimated using the fol- 
lowing relation: 

[Fe/H]zw = 52.466P^ - 30.075P + O.lSl^gi + 0.982031 

-4.198P031 + 2.424 

where [Fe/H]zw is expressed in the Zinn & West (1984) 
metallicity scale, and the coefficient 03i comes from Fourier 
light curve decomposition in series of cosines. The standard 
deviation of this relation, obtained from 106 stars, is 0.145 
dex. The standard deviation of this relation, obtained from 
106 RRc stars in 12 globular clusters, is 0.145 dex. The 
[Fe/H] values of the calibrating clusters are between approx- 



10 Sollima et al. 



[Fe/H] 



Figure 10. Metallicity distribution of the 30 RRO variables with 
Dm ^ 5 and 17.9 <V < 18.4. The range of the adopted selection 
for the bona fide sample of M54 are marked with dashed lines. 



imately -1 and -2, so this relation likely gives poorer results 
at very high or very low metallicities. 

Our sample contains 13 RRl stars for which we have 
estimated the Fourier parameter 031 and hence the metal- 
licity with the above relation. The results are listed in Table 
2. Two stars (V12 and V142) have been assigned to the 
Galactic field population based on their unusually bright V 
magnitude (V < 17.9). Three more stars (V74, V141 and 
V148) have rather high metallicities suggesting that they 
may belong to the Sgr dSph population. The average metal- 
licity of the 8 stars that are most likely M54 members is 
[Fe/H]= -1.66, with a standard deviation of 0.13 dex. 



5.2 RRO 

From the analysis of V hght curves of 272 RRO stars, Jurcsik 
& Kovacs (1996) and Jurcsik (1998) found a tight correlation 
(r.m.s. error of the fit 0.14 dex) between the metallicity of 
the variables and their 031 (sine series) Fourier coefficents: 
[Fe/H] = -5.038-5.394 P-hl.345 031. Based on the Layden 
(1994) [Fe/H] values of a large number of field RRab stars, 
Sandage (2004) recalibrated the above relation and obtained 
a lower zero-point by about -0.25 dex that is consistent with 
the Layden metallicity scale. This relation, that we use in 
the present analysis, is: 



[Fe/H]L 



-5.492 - 5.666 P-f 1.413 03i 



where the r.m.s. error of the fit remains ~ 0.14 dex. This 
new formulation gives values of metallicity that are in good 
agreement with those obtained from spectroscopy or other 
methods, as we comment later. Since we are also inter- 
ested in differential estimates, to separate the M54 from 
the (Milky Way and Sgr) field populations, this method 



appears sufficiently adequate to identify at least the most 
obvious outliers. We corrected the values of our cosine se- 
ries 031 by -l-TT to report them to sine series decomposition, 
and applied the above relation to calculate the metallicity. 
The Dm parameter (defined by Jurcsik & Kovacs 1996) rep- 
resents a quality test on the regularity of the shape of the 
light curves, and hence on the reliability of the derived phys- 
ical parameters. We considered as sufficiently reliable only 
stars with Dm ^ 5. The values of 03i and [Fe/H]L for these 
38 RRO stars are listed in Table 3. Blazhko stars should 
be excluded, unless observed at or near maximum Blazhko 
modulation amplitude with a good degree of confidence. In 
fact, at small-amplitude Blazhko phase the light curves are 
more likely distorted (even if Dm ^5) and tend to overes- 
timate the metallicity, whereas at large-amplitude Blazhko 
phase they are quite similar to regular pulsators (see Cac- 
ciari et al. 2005). Following these considerations, only V33 
has been excluded from the sample. On the other hand, pho- 
tometric blends or stars affected by calibration errors can 
still produce good metallicity estimates, as only the zero- 
point of the photometric scale is incorrect. Seven variables 
with a reliable metallicity estimate have been associated to 
the foreground Galactic population because of their bright 
magnitudes. 

The distribution of the remaining 30 RRO variables with 
reliable metallicity estimates is shown in Fig. 1101 As can be 
noted, the distribution has a prominent peak at [Fe/H] ~ 
— 1.6 and the majority of RRO variables have metallicities 
that range between —2.2 < [Fe/H] < —1.2. A group of 
four variables (V28, V46, V63 and V123) form a secondary 
peak at [Fe/H] ~ —1.0. One variable (V139) has a solar-like 
metallicity. Finally, two variables (V50 and V83) present a 
very low metallicity {[Fe/H] < —2.2). The membership of 
these 7 stars with metallicities outside the range —2.2 < 
[Fe/H] < —1.2 is not clear cut. The extreme metallicity 
of V139, V50 and V83 strongly suggests a membership to 
Sgr dSph, whose metallicity distribution tails clearly reach 
values from [Fe/H] ~ —2 up to nearly solar (B08; Monaco 
et al 2005b; Bonifacio et al. 2006). In particular Cseresnjes 
(2001) found a very wide metallicity distribution also for the 
RRL of Sgr, with a mean of [Fe/II]=-1.6, a dispersion of ~ 
0.5 dex, and a minor but significant population at [Fe/H] <- 
2.0 dex. The membership of the four stars at [Fe/H] ~ —1.0 
is harder to establish, especially considering that M54 itself 
has been found (from spectroscopic analyses) to display a 
spread of ~ 0.19 dex (Da Gosta & Armandroff 1995; B08; 
GIO). To be conservative we decided to exclude also these 
four stars from our final sampl^f]. 

The remaining 23 RRO variables that are likely mem- 
bers of M54 have a mean metallicity [Fe/H]= -1.65 ± 0.18 
dex. The mean metallicity of the M54 RRO stars is in excel- 
lent agreement with the mean value found for the RRl in 
Sect. 15. Il So we can assume that the RRl and RRO metallic- 
ity estimates can be dealt with jointly, and the mean value 



* It is worth noting that although this selection criterion is con- 
sistent with the metallicity distributions of about 100 RGB stars 
of M54 and surrounding Sgr field found by CIO, the metallicity 
distributions of M54 and Sgr do show some overlap. Therefore, 
our bona fide M54 sample may still contain some (very few) Sgr 
field stars that might be distinguished by only the Na/O anticor- 
relation cluster signature. 
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Table 3. Fourier parameter (psi (cosine series) and [Fe/H] values 
for the RRO variable stars with Dm <5 in the M54 field of view. 
In column 5 the Notes indicate; * = excluded for its high/low 
magnitude (see Sect l4.ll l: ** = excluded from the analysis for its 
high/low mctallicity (see Sect. [5^ . 



ID 


Period 
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</'31 


[Fe/H] 
L84 


Note 


V O 


U.D ( zDoUi 


1, 


.880 


-1.D4 




V O 


u.o ( yuy (0 


1, 


.702 


-i.yo 
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1, 


.956 
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V iO 


U.0o0oD4U 
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-i.Dy 
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2, 
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-i.U / 


jjiaziiKo, 
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.786 


1 QQ 




V oo 
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1, 


.573 


1 Q1 

-i.fsi 




V 41 


n 1 'TfiQ 1 /I 
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2, 


.202 


1 A A 
-i.44 




V 4o 


U.oyzoooo 


2, 


.020 


-i.OO 


jjiaznKO 


V 40 
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1, 


.404 


1 QA 

-i.o4 




V 4D 


U.0U4i OUD 


2, 


.629 


-U. / O 
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2, 
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V 00 
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2, 


.165 


1 AO 




V Do 


n c;oni Qof? 


2, 


.361 


-i.UO 




V65 


0.5748202 


2, 


.045 


-1.42 


* 


V67 


0.5900106 


1, 


.896 


-1.72 




V69 


0.6797878 


2, 


.006 


-2.07 


* 


V75 


0.5846341 


1, 


.907 


-1.67 


* 


V76 


0.7064914 


2, 


.378 


-1.70 




V77 


0.5769039 


1, 


.867 


-1.68 




V82 


0.5878700 


2, 


.020 


-1.53 




V83 


0.5783485 


1, 


.398 


-2.35 




V85 


0.5213111 


1, 


.381 


-2.06 




V92 


0.4840892 


1, 


.557 


-1.60 


* 


V93 


0.5585378 


1, 


.780 


-1.70 


* 


V96 


0.5585253 


1, 


.883 


-1.56 




V119 


0.6366165 


2, 


.356 


-1.33 


* 


V123 


0.5141767 


2, 


.112 


-0.98 




V124 


0.5822650 


1, 


.812 


-1.79 




V129 


0.6027318 


2, 


.060 


-1.56 




V139 


0.4039767 


2, 


.337 


-0.04 





of the combined sample is [Fe/H]= -1.65, with a standard 
deviation of 0.16 dex, in good agreement with the spectro- 
scopic estimates by Da Costa & Armandroff (1995), Brown 
et al. (1999), BOS and CIO. The uncertainties on individual 
measures, on the reliability of the 03i — [Fe/H] relations 
and the conservative selection described above prevent any 
conclusion about the intrinsic metallicity spread. 

By rejecting those RRL with measured metallicities out- 
side the range —2.2 < [Fe/H] < —1.2 , in addition to the 
luminosity criteria described in Sect. 14.11 we end up with a 
sample of 49 RRO and 7 RRl variables, that will be used in 
the following sections to estimate the distance modulus and 
the reddening of M54. 

In the following, we will refer to these stars as the bona- 
fide M54 sample. 



6 REDDENING AND DISTANCE 

Our large sample of RRL allows us to determine the redden- 
ing to M54 with good accuracy. We consider two approaches 
to estimate the reddening, using the colours of the RRO vari- 
ables at minimum light (i.e. averaged over the phase interval 
0.5-0.8): 

• Based on a recalibration of the original relation by 
Sturch (1966), Walker (1998) proposed a relation linking 
(B — V)min and reddening E{B — V): 



E(B - 1/) = (B - V)r 



0.24 P - 0.056 [Fe/H] - 0.356 



Applying this relation to the sample of bona-fide RRO vari- 
ables of M54 we find E{B - F) = 0.17 ± 0.02 if we adopt 
an average metallicity [Fe/H] — —1.65 (see Sect. [5]) and 
E{B — V) = 0.16 ± 0.06 if we adopt for each star the metal- 
licity estimated through the (j>3i — [Fe/H] relation defined 
in Sect. [EH 

• From the analysis of a sample of field RRO stars Mateo 
et al. (1995) proposed a constant value of {V — I)o,min = 0.58 
for RRO stars, independent on metallicity and period. By 
using our sample of bona-fide M54 RRO stars we find < 
iV-I)min >= 0.78 ±0.03 which translates into E{V~I) = 
0.20 ± 0.03, and hence E{B - F) = 0.16 ± 0.03 using the 
relation E(B-V)=0.8 E(V-I)(Dean, Warren & Cousin 1978). 

Summarizing the above results, we estimate an average 
value of E{B - V) = 0.16 ± 0.02. This estimate is in very 
good agreement with that provided by the extinction map by 
Schlegel, Finkbeiner & Davis (1998, E{B-V) = 0.15±0.02), 
and with the results by LS2000 from a similar analysis of 
RRL stars (£;(F - 7) = 0.18 ± 0.02). 



6.1 Distance determination 

The distance to M54 has been estimated from the mean 
characteristics of the bona fide sample using the absolute vi- 
sual magnitude Mv that can be derived from the luminosity- 
metallicity relation 

Mv = 0.214 [Fe/H] + 0.885 

(Clementini et al. 2003) where the adopted slope 0.214 ap- 
pears to be supported by the most accurate studies of field 
RRL stars in the Milky Way (Fernley et al. 1998; Chaboyer 
1999), in the Large MageUanic Cloud (LMC; Gratton et al. 
2004) and GCs in M31 (Rich et al. 2005). The zero-point of 
such a relation has been set to be consistent with the mean 
dereddened V magnitude of the RRO variables observed in 
the LMC by Clementini et al. (2003) (< Vb >= 19.064) as- 
suming a distance modulus of {m — M)o = 18.50 (Freedman 
et al. 2001). 

We use the mean metallicity [Fe/H] = — 1.65±0.16 dex 
(derived from the subset described in Sect. [5| to estimate 
< My >~ 0.53±0.05 mag from the above equation, and the 
mean V magnitude < V >= 18. 16 ±0.07 mag (derived from 
the stars that have been included in the bona fide sample). 
Therefore, assuming Av/E{B — V) = 3.1 (Savage & Mathis 
1979) and E(B-V)=0.16 ± 0.02 (see Sect. [6]) we estimate a 
distance modulus to M54 (m - M)o = 17.13 ± 0.11, which 
translates into a distance to M54 of d = 26.7 ± 1.1 kpc. 
As a sanity check, we estimate the distance modulus also 
adopting the individual Fourier metallicities listed in Tables 
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Figure 11. V-(V-I) CMD of M54 and Sgr. The locations of the 
18 candidates LPV are marked with open circles. 



2 and 3 for the smaller sample of 30+7 RRO+RRl variables, 
and we obtain (m - M)o = 17.11 ± 0.13. 

The above estimates are in excellent agreement with 
those derived by Monaco et al. (2004; (m - M)o = 17.10 ± 
0.15), and by LS2000, once their estimate is corrected us- 
ing the most recent metallicity estimates ((m — A/)o — 
17.13±0.09; see Monaco et al. 2004). A significantly smaller 
distance ((m — M)o = 16.97 ± 0.07) has been derived by 
Kunder & Chaboyer (2009) on the basis of the analysis of 
differential distance modulus of a sample of Sgr RRL with 
respect to a sample of RRL belonging to the Galactic bulge. 
These authors adopt a different luminosity-metallicity rela- 
tion (from Bono, Caputo & Di Criscienzo 2007), and their 
sample is affected by larger amount of extinction (E(B- 
V)=0.36), lying in fields at lower Galactic latitude, from 
4deg to lOdeg apart from M54. Moreover, the derived dis- 
tance clearly depends on the assumed distance to the Galac- 
tic Bulge. Finally, a lower distance in that wing of the Sgr 
dSph may be a real effect of the three dimesional orientation 
of the galaxy major axis. All these factors can contribute to 
account for the difference between their distance estimate 
and our results (as well as those by LS2000 and Monaco et 
al. 2004; see the latter paper for a detailed discussion and 
references on previous distance estimates). 



7 OTHER VARIABLES 

Apart from the RRL, a number of other variables have been 
found in the present survey. 

Variables VI and V2 are Cepheids already discovered by 
Rosino & Nobili (1959) and classified by LS2000 as a popu- 
lation II and an anomalous cepheid, respectively. Their mag- 
nitudes are consistent with those predicted by the period- 
luminosity relation of Nemec, Nemec & Lutz (1994) and are 



located at 3.2 and 3.5 arcmin from the cluster center, re- 
spectively. On the basis of these considerations they should 
be likely members of M54 (or Sgr dSph). 

Among eclipsing binaries, stars V116 and V195 are Al- 
gol binaries (EA), whereas V147 and V211 are suspected 
EB types. Five variables (namely V99, V117, V134, V135, 
and V144) are probably W UMa (EW). By applying the 
period-colour-V luminosity relations by Rucinski (2000) we 
estimated the distance moduli of these stars. Among these 
5 stars, only V134 and V144 have distance moduli 17.3 < 
(m — M)o < 17.5 which are compatible with that of M54 
estimated in Sect. 16.11 being probable cluster members. 

We found 3 SX Phoenicis variables (V146, V149 and 
V150) with periods in the range 0.06 d < P < 0.08 d. Adopt- 
ing the period-luminosity relation by Poretti et al. (2008) we 
estimated the distances for these stars. V146 and V149 are 
significantly less distant than M54 (A (m — A/)o ~ 0.6 — 1.0 
mag) and are likely foreground Galactic variables. The dis- 
tance modulus of V150 is compatible (within 0.3 mag) with 
that of M54 and could be a cluster or Sgr member. 

Finally, we identified 18 candidate long-period variables 
(LPV). Four of them (V153, V154, V155 and V156) are new 
discoveries. They are located in the CMD close to the tip 
of the RGB at colours {V-I) > 1.4 (see Fig. [Tl|- Most 
of them are located far from the RGB ridge line of M54, 
on the expected locus of late M giants of Sgr, being likely 
associated to Sgr. 

Of course, the short time coverage of our observations 
does not allow us to establish their pulsation periods and 
their average magnitudes and colours are uncertain. 



8 DISCUSSION AND CONCLUSIONS 

We presented a survey of variable stars in a 13 arcmin square 
field of view centred on the GC M54 using deep multi- 
epoch observations collected with the ESO-Danish 1.54m 
telescope. From this analysis we detected 177 variables, 94 
of them never observed before. We provide the ephemerides 
for the entire sample of variables (except for 18 long-period 
candidates), and the epoch-photometry and light curves for 
the large subset of variables with calibrated photometry. 

The period-amplitude diagram of the RRL of M54 and 
the relative fraction of RRl variables indicate that this clus- 
ter shares some of the properties of Oosterhoff I clusters (as 
already found by LS2000), but contains a larger number of 
long-period variables. The average period of its RRO and 
RRl stars are indeed slightly larger than typical Oosterhofi' 
I cluster values, even if significantly smaller than Oosterhoff 
II. 

Accurate estimates of the cluster reddening {E{B — 
V) = 0.16 ± 0.02) and distance modulus ((m - M)o = 
17.13 ±0.11) were also derived, in excellent agreement with 
previous estimates in literature. 

The metallicity distribution of the RRL, derived 
through the Fourier parameter 031, shows a clear peak at 

the metallicity of M54 {[Fe/H] 1.65 ± 0.16 dex) and 

a few stars with a significantly different metallicity (out- 
side the range —2.2 < [Fe/H] < —1.2), likely associated 
with the population of the Sgr dSph. The presence of a ex- 
tended blue HB (reaching the instability strip) associated 
with the Sgr galaxy has been already discovered by Monaco 
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et al. (2003). We note that the presence of RRL stars as 
metal-rich as [Fe/H] > —0.8 (see also Cseresjnes 2001), if 
confirmed, would indicate that Sgr was able to reach such 
relatively high metallicity at a very early epoch (> 10 Gyr 
ago). Unfortunately, the small number of stars belonging to 
this group and the large uncertainties in the metallicities do 
not allow a firm conclusion on this issue until spectroscopic 
confirmation is obtained. 
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APPENDIX A: COMMENTS ON INDIVIDUAL 
VARIABLES 

• V4: V magnitude ~ 0.2 mag fainter than the bulk M54 
RRL population. Affected by the Blazhko effect, the maxi- 
mum has likely been missed, as suggested by the unusually 
low V amplitude (0.71 mag) for its period (0.48 d). 

• V12: we have derived a more accurate period 
(P=0. 322639), which fits both our data and LS2000 data, 
whereas LS2000 estimate (P=0. 31985) produces out-of- 
phase curves. The star is bright and its Fourier metallic- 
ity is [Fe/H]=-1.01, this suggests that it may belong to the 
Galactic field population. 

• V14: classified as RRO with P=0. 70489 by LS2000, this 
star shows a good light curve (internal photometry only) 
with P=0. 4807214 in clear disagreement also with Rosino & 
Nobili (1959) determination. 

• V28: Metal-rich ([Fe/H]=-1.07). Normal V magnitude 
and position in the Av-logP diagram. Possible Sgr member. 

• V41: Slightly shifted in the Av-logP plane towards long 
periods. Normal magnitude. Fourier metallicity [Fe/H]= - 
1.44. 

• V46: Metal-rich ([Fe/H]=-0.76). Normal V magnitude 
and position in the Av-logP diagram. Possible Sgr member. 

• V48: Shifted in the Av-logP plane towards long peri- 
ods. Normal magnitude. Fourier metallicity [Fe/H]= -1.75. 
Possibly belonging to Sgr. 

• V50: Metal-poor ([Fe/H]=-2.47). Normal V magnitude 
and position in the Av-logP diagram. Possible Sgr member. 

• V55: faint magnitude, likely background Galactic field 
star. This is confirmed by its location in the P-Av diagram, 
much to the short-period side of the main distribution for 
the M54 stars, also supported by the metallicity obtained 
from the Fourier parameters ([Fe/H]=-0.43). 

• V63: Metal-rich ([Fe/H]=-1.06). Normal V magnitude 
and position in the Av-logP diagram. Possible Sgr member. 

• V65: bright. Fourier metallicity [Fe/H]= -1.42 . Normal 
position in the Av-logP diagram, likely field star. 

• V69: bright. Fourier metallicity [Fe/H]= -2.07 . Shifted 
toward long periods in the Av-logP diagram, field star or 
evolved. 

• V74: Metal-rich ([Fe/H]=-0.49). Normal V magnitude 
and position in the Av-logP diagram. Possible evolved or 
Sgr member. 

• V75: unusually red colours (B-V = 0.78; V-I = 0.45). 
Slightly brighter than average. Fourier metallicity [Fe/H]=- 
1.67 dex. Normal position in the Av-logP diagram. Photo- 
metric calibration error (See Sect. 14. I'll . 

• V76: Shifted in the Av-logP plane towards long peri- 
ods. Normal magnitude. Fourier metallicity [Fe/H]= -1.70. 
Possibly belonging to Sgr. 

• V83: Metal-poor ([Fe/H]=-2.35). Normal V magnitude. 
Slightly shifted in the Av-logP plane towards long periods. 
Possible Sgr member. 

• V92: slightly brighter than average and redder than ex- 
pected from its period. Fourier metallicity [Fe/H]=-1.60 dex. 
Located within central 1 arcmin, possibly a blend. 

• V93: bright. Fourier metallicity [Fe/H]=-1.71 dex. 
Likely field star. 

• V118: V magnitude ~ 0.2 mag fainter than the bulk 
M54 RRL population. Normal location in the Av-logP plane. 



• V119: very bright. Fourier metallicity [Fe/H]=-1.33 dex. 
Foreground star (Galactic population). 

• V120: Shifted in the Av-logP plane towards long peri- 
ods. Normal magnitude. Possibly belonging to Sgr. 

• V121: bright. Likely field star. 

• V123: unusually red V-I colour (V-I = 1.00) in spite of 
normal B-V (B-V=0.47). Fourier metallicity [Fe/H]=-0.98. 
Photometric calibration error (See Sect. I4.l"|) . 

• V124: unusually red B-V colour (B-V = 0.94) in spite 
of normal V-I (V-I=0.50). Fourier metallicity [Fe/H]=-1.79. 
Photometric calibration error (See Sect. I4.l"|) . 

• V125: Shifted in the Av-logP plane towards long peri- 
ods. V magnitude 0.1 brighter than the bulk M54 RRL 
population. Probably evolved variable. 

• V128: bright. Normal location in the Av-logP plane. 
Located within the central 1 arcmin, possibly a blend with 
a field "blue plume" star. 

• V130: V magnitude ~ 0.2 mag fainter than the bulk 
M54 RRL population. Normal location in the Av-logP plane. 

• V132 bright, and redder than the assumed red edge of 
the instability strip. Normal location in the Av-logP plane. 
Located within the central 1 arcmin, possibly a blend with 
a "red clump" star. 

• V133: unusually blue B-V colour (B-V = 0.18). Photo- 
metric calibration error (See Sect. I4.l"|l . 

• V137: Shifted in the Av-logP plane towards long peri- 
ods. V magnitude ~ 0.1 brighter than the bulk M54 RRL 
population. Probably evolved variable. 

• V139: the period-amplitude values locate the star 
among the RRl variables, however the light curve shows 
the typical shape of a fundamental pulsator. The metallic- 
ity obtained from the Fourier parameters is [Fe/H]=-0.04. 
Therefore this star likely belongs to the metal-rich (~ solar 
metallicity) tail of the Sgr field stellar population. 

• V140: Shifted in the Av-logP plane towards long peri- 
ods. Normal magnitude. Possibly belonging to Sgr. 

• V141: Metal-rich ([Fe/H]=-1.13). Normal V magnitude 
and position in the Av-logP diagram. Possible Sgr member. 

• V142: bright. Located within central 1 arcmin, possibly 
a blend. 

• V143: unusually red colour (B-V = 0.99). Photometric 
calibration error (See Sect. 14. l) . 

• V145: the classification of this star is highly uncertain. 
The data from the first two night would be compatible with 
a RRl, those from the third night are not. The period and 
the complete light curve may suggest a classification as a RS 
CVn variable, with a possible alternative period of 1.053375 
days. Its position in the CMD (straight on the cluster HB) 
may indicate a similarity with the case of the superposition 
of two RRL discussed by Corwin & Carney (1998). 

• V147: period and the B light curve are quite typical of 
RRO stars, with an amplitude of ~ 0.6 mag. The V light 
curve does not seem compatible with this interpretation, 
probably due to an error in the photometric zero point (from 
DoPHOT photometry of the V reference frame). For this 
reason we fiag this variable as uncertain. 

• V211: uncertain classification. 



